Recent studies have found that the oldest and most luminous galaxies in the early Universe are surprisingly compact 1-7 , having stellar masses similar to present-day elliptical galaxies but much smaller sizes. This finding has attracted considerable attention [8] [9] [10] [11] [12] [13] , as it suggests that massive galaxies have grown in size by a factor of about five over the past ten billion years (10 Gyr). A key test of these results is a determination of the stellar kinematics of one of the compact galaxies: if the sizes of these objects are as extreme as has been claimed, their stars are expected to have much higher velocities than those in present-day galaxies of the same mass.
Recent studies have found that the oldest and most luminous galaxies in the early Universe are surprisingly compact [1] [2] [3] [4] [5] [6] [7] , having stellar masses similar to present-day elliptical galaxies but much smaller sizes. This finding has attracted considerable attention [8] [9] [10] [11] [12] [13] , as it suggests that massive galaxies have grown in size by a factor of about five over the past ten billion years (10 Gyr) . A key test of these results is a determination of the stellar kinematics of one of the compact galaxies: if the sizes of these objects are as extreme as has been claimed, their stars are expected to have much higher velocities than those in present-day galaxies of the same mass.
Here we report a measurement of the stellar velocity dispersion of a massive compact galaxy at redshift z 5 2.186, corresponding to a look-back time of 10.7 Gyr. The velocity dispersion is very high at 510 z165 {95 km s 21 , consistent with the mass and compactness of the galaxy inferred from photometric data. This would indicate significant recent structural and dynamical evolution of massive galaxies over the past 10 Gyr. The uncertainty in the dispersion was determined from simulations that include the effects of noise and template mismatch. However, we cannot exclude the possibility that some subtle systematic effect may have influenced the analysis, given the low signal-to-noise ratio of our spectrum.
We observed the galaxy, dubbed 1255-0, with the Gemini Near-Infrared Spectrograph (GNIRS) on the Gemini South telescope for a total of 29 h. The de-redshifted spectrum is shown in Fig. 1a . A that was used to measure the velocity dispersion. Light grey shows the spectrum at a resolution of 5 Å (,100 km s 21 ), which was used for the actual measurement. A smoothed version of the same data (using a 25-Å boxcar filter) is shown in black. Regions around detected emission lines are shown in orange and were excluded from the fits. The most prominent absorption lines are Hb at wavelength 4,861 Å and Mg at 5,172 Å . The best-fitting stellar population synthesis model 14 , smoothed to the best-fitting velocity dispersion, is shown in red. Inset, results of Monte Carlo simulations to determine the uncertainty in the best-fitting velocity dispersion. The curves show how often a dispersion of 510 km s 21 is measured given the true dispersion and noise. The two curves are for two different methods of simulating noise: shuffling the residuals of the fit in the wavelength direction (blue curve), and extracting 'empty' one-dimensional spectra from the twodimensional spectrum (red curve). b-d, The HST NICMOS2 image of the galaxy in the H 160 filter (b), the best-fitting model of the galaxy (c; the effective radius is indicated in red), and the residual obtained by subtracting the model from the data (d). The galaxy is a single, very compact object with an effective radius of 0.78 kpc. Its coordinates are right ascension a 5 12 h 54 min 59.6 s, declination d 5 101u 119 300 (J2000), its K band observed magnitude is 19.26 (Vega) and its R band observed magnitude is 24.98 (Vega) 16 . Alternative names that have been used for this object are 1256-151 (ref. 15 ) and 1256-0 (refs 3, 16).
detailed description of the observations and reduction, as well as an analysis of the continuum emission and detected (weak) emission lines, is presented elsewhere 14 . In ref. 14 we derive a stellar mass of ,2.0 3 10 11 M [ for a Kroupa initial mass function, by fitting stellar population synthesis models to the broad band photometry and the GNIRS spectrum. The effective radius (r e ) of 1255-0 is 0.78 6 0.17 kpc, as previously measured 3 from deep Hubble Space Telescope (HST) NICMOS2 observations. The galaxy was selected from a well-studied 3, 15, 16 sample of nine spectroscopically confirmed galaxies with evolved stellar populations at z < 2.3, and its properties are similar to those of other galaxies in this sample. The median stellar mass of the nine objects is 1.7 3 10 11 M [ and their median r e is 0.9 kpc (ref.
3), a factor of ,5 smaller than galaxies with similar masses at z 5 0. The number density of these massive compact galaxies is substantial, about the same as that of galaxies in the nearby Universe that are a factor of 2-3 more massive 10 .
In the present study, we use the deep Gemini spectrum to measure the stellar velocity dispersion of the galaxy, by using standard techniques for measuring the broadening of the absorption lines 17, 18 . Our methodology is explained in detail in the Supplementary Information. Briefly, smoothed model spectra were fitted to the data in real space, taking observational errors into account and ignoring data with the largest uncertainties. The uncertainty in the dispersion was determined from Monte Carlo simulations of many different combinations of assumed velocity dispersions and empirical realizations of the noise. Systematic uncertainties were assessed by varying the templates (also allowing for multiple components), the masking and weighting, and the continuum filtering, and are typically much smaller than the random uncertainty. We note that the spectrum is available in electronic form (Supplementary Data).
We derive a velocity dispersion s~510 z165 {95 km s 21 for the galaxy, which is very high when compared to typical early-type galaxies in the nearby Universe. The one-sided 95% confidence lower limit is 335 km s 21 . Although not statistically significant, it is striking that the best-fit value exceeds the measured dispersions of all individual galaxies in the Sloan Digital Sky Survey (SDSS) 19, 20 . In the SDSS, a significant fraction of galaxies with velocity dispersions in excess of 350 km s 21 are superpositions, which are easily identified with HST imaging 20 . As shown in Fig. 1b-d, 1255 -0 is a single, nearly round object with an effective radius of ,0.1 arcsec in HST images. The dispersion is also a factor of ,2 higher than a previous measurement 21 from a stacked spectrum of 13 galaxies at mean redshift AEzae 5 1.6. A direct comparison is difficult given the uncertainties associated with stacking individual spectra, but we note that the median stellar mass of the 13 galaxies is a factor of ,3 smaller than that of 1255-0 and the median effective radius is a factor of 1.5 larger. The expected dispersion of these AEzae 5 1.6 galaxies is therefore a factor of ,2 lower than that of 1255-0, and the two results are consistent.
The high dispersion of 1255-0 confirms that the galaxy is very massive despite its diminutive size. The relation between dynamical mass of the galaxy, velocity dispersion and size can be expressed as M dyn 5 Cs 2 r e , with C a constant that depends on the structure of the galaxy and other parameters. Using log C 5 5.87, which is the value that gives M dyn < M star (here M star is the stellar mass of the galaxy) for galaxies in the SDSS 6 , we find M dyn~1 :5 z1:2 {0:5 |10 11 M 8 . For log C 5 6.07, the value derived from kinematic data of present-day early-type galaxies 18 , the dynamical mass is 2:4 z1:9
{0:8 | 10 11 M 8 . Both estimates are in excellent agreement with the stellar mass ( Fig. 2a ). Put differently, the high dispersion that we measure was expected (and in fact predicted 3,10 ), given our extreme size and stellar mass measurements. Quantitatively, the expected dispersion assuming M dyn 5 M star and 5.87 # log C # 6.07 is in the range 470-590 km s 21 .
At the same time, the high dispersion confirms and extends the notion that quiescent galaxies at high redshift are structurally and dynamically very different from galaxies in the present-day Universe. Figure 2b-d shows where 1255-0 falls with respect to the relations between velocity dispersion, size and dynamical mass defined by SDSS galaxies. The galaxy is offset from the local relations, consistent with previous studies that were based on stellar masses derived from photometric data 3, 6 . At fixed dynamical mass, the dispersion is higher by a factor of ,2.5 and the effective radius is smaller by a factor of ,6. The most dramatic offset is in the logs-logr e plane (Fig. 2b) . These two quantities are measured directly and independently, and (to first order) do not depend on stellar populations.
The extreme compactness of massive high-redshift galaxies is qualitatively consistent with models in which the central parts of massive galaxies form early in highly dissipative processes 22 , although it remains to be seen whether such models can produce objects with the size and velocity dispersion of 1255-0. In particular, it may be difficult to funnel gas clumps into an extremely compact configuration without forming stars at larger radii. Regardless of the details of the model, in its star-forming phase at z > 3.5 the galaxy probably had a very compact molecular gas distribution with a rotation velocity of ,700 km s 21 . The median rotation velocity (V rot ) of CO in submillimetre galaxies at z 5 2-3.5 has been found 23 to be ,470 km s 21 (assuming V rot 5 0.6 3 FWHM, where FWHM is full-width at half-maximum); this is a high value by most standards, but still somewhat lower than what we expect for the progenitors of galaxies such as 1255-0. There is not yet much information on the gas dynamics of massive galaxies at redshifts z . 3.5. The z 5 6.4 quasar SDSS J114815251 has a relatively small CO linewidth of V rot < 170 km s 21 (ref. 24 ), but it may be that quasars are biased low because their gas disks are preferentially seen face-on 25 . It is between stellar mass and dynamical mass. Small symbols are galaxies in the SDSS 6 in the redshift range 0.05-0.07, and the large red symbol is galaxy 1255-0 at z 5 2.186. Our definition of dynamical mass, logM dyn 5 5.87 1 2logs 1 logr e , leads to a one-to-one correspondence between stellar mass and dynamical mass for SDSS galaxies. Despite its small size 1255-0 has a very high mass, similar to elliptical galaxies today. The dynamical mass is consistent (within 1 s.d.) with the stellar mass that was estimated 14 from fitting stellar population synthesis models to the photometry. b-d, Relations between velocity dispersion, effective radius and dynamical mass. Note that these three panels do not depend on stellar populations (except indirectly through the fact that the spectrum and the HST image are weighted by luminosity, not mass). It is clear that the structure and kinematics of 1255-0 are fundamentally different from those of nearby galaxies, and significant evolution is required to bring this object to the local relations. Error bars, 1 s.d.
obviously not clear whether the molecular gas in the progenitor of 1255-0 was ever in a regular disk; it would be interesting to determine whether 1255-0 shows rotation, but that requires imaging (or spectroscopy) of higher spatial resolution than is currently available.
A problem that is perhaps even more vexing than the origin of galaxies such as 1255-0 is their subsequent evolution onto the local relations between size, velocity dispersion and mass. The simplest explanation is that the mass and/or size measurements of the compact galaxies are incorrect 3, 13 , but this is difficult to maintain given the dynamical measurement presented here. We are left with the conclusion that very significant structural and dynamical changes are required to bring massive, quiescent high-redshift galaxies to the local relations. This cannot easily be achieved through star formation, as the compact high-redshift galaxies already appear to have stopped forming new stars, consistent with the old ages inferred for the stars in today's most massive galaxies. Among the models that have been proposed [8] [9] [10] [11] [12] [13] , minor mergers may be the most effective single mechanism, as simple virial arguments suggest that the velocity dispersion changes by a factor of f {1=4 r for a factor of f r change in radius 10, 11 . However, it is an open question whether mergers alone can 'puff up' galaxies by the required amount, as the precise effect depends on the accretion rate, the masses, orbits and gas content of accreted galaxies, angular momentum transfer between stars and dark matter, and on possible evolution in the contribution of dark matter to the measured kinematics 26 . Finally, we note that evolution in the velocity dispersion of galaxies implies evolution in the black hole mass-s relation 27, 28 , such that black hole masses must be lower at fixed s at high redshift.
While confirming that the velocity dispersions of compact galaxies are high, our measurement is obviously not sufficiently accurate to properly characterize the evolution of the relations in Fig. 2 . A 1 s.d. error of 25% in the velocity dispersion implies an error of 56% in the dynamical mass, and further progress requires dispersions with uncertainties =10% for much larger samples. New spectrographs being readied for use on 8-m-class telescopes, combined with new wide-field imaging surveys that can provide sufficiently bright targets, are expected to revolutionize this field in the next few years. As indicated here, such observations are crucial for calibrating stellar masses at high redshift, and for measuring the structural and dynamical evolution of massive galaxies from the time that their star formation was quenched to the present.
